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WATER TREATMENT SYSTEM AND METHOD 
BACKGROUND OF THE INVENTION 

5 

1. Field of the Invention 

The present invention relates generally to a system and method for treating water 
and, more particularly, to a water treatment system incorporating an electrochemical device 
designed and operated to treat water while minimizing water polarization. 

10 

2. Description of the Related Art 

Hard water can be softened or treated by removing the hardness ion species. 
Examples of systems that remove such species include those that use ion exchange beds. In 
such systems, the hardness ions become ionically bound to oppositely charged ionic species 

15 that are mixed on the surface of the ion exchange resin. The ion exchange resin eventually 
becomes saturated with ionically bound hardness ion species and must be regenerated. 
Regeneration typically involves replacing the bound hardness species with more soluble 
ionic species, such as sodium chloride. The hardness species bound on the ion exchange 
resin are replaced by the sodium ions and the ion exchange resins are ready again for a 

20 subsequent water softening step. 

Other systems have been disclosed. For example, Dosch, in U.S. Patent No. 
3,148,687 teaches a washing machine including a water softening arrangement using ion 
exchange resins. Similarly, Gadini et al., in International Application Publication No. 
WO00/64325, disclose a household appliance using water with an improved device for 

25 reducing the water hardness. Gadini et al. teach a household appliance having a control 
system, a water supply system from an external source and a softening system with an 
electrochemical cell. 

Electrodeionization (EDI) is one process that may be used to soften water. EDI is a 
process that removes ionizable species from liquids using electrically active media and an 
30 electrical potential to influence ion transport. The electrically active media may function to 
alternately collect and discharge ionizable species, or to facilitate the transport of ions 
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continuously by ionic or electronic substitution mechanisms. EDI devices can include 
media having permanent or temporary charges and can be operated to cause electrochemical 
reactions designed to achieve or enhance performance. These devices also include 
electrically active membranes such as semi-permeable ion exchange or bipolar membranes. 
5 Continuous electrodeionization (CEDI) is a process wherein the primary sizing 

parameter is the transport through the media, not the ionic capacity of the media. A typical 
CEDI device includes alternating electroactive semi-permeable anion and cation exchange 
membranes. The spaces between the membranes are configured to create liquid flow 
compartments with inlets and outlets. A transverse DC electrical field is imposed by an 

10 external power source using electrodes at the bounds of the membranes and compartments. 
Often, electrode compartments are provided so that reaction product from the electrodes can 
be separated from the other flow compartments. Upon imposition of the electric field, ions 
in the liquid are attracted to their respective counter-electrodes. The adjoining 
compartments, bounded by the electroactive anion permeable membrane facing the anode 

15 and the electroactive cation membrane facing the cathode, typically become ionically 

depleted and the compartments, bounded by the electroactive cation permeable membrane 
facing the anode and the electroactive anion membrane facing the cathode, typically become 
ionically concentrated. The volume within the ion-depleting (depleting) compartments and, 
in some embodiments, within the ion-concentrating (concentrating) compartments, also 

20 includes electrically active or electroactive media. In CEDI devices, the media may include 
intimately mixed anion and cation exchange resins or fibers. The electroactive media 
typically enhances the transport of ions within the compartments and may participate as a 
substrate for controlled electrochemical reactions. Electrodeionization devices have been 
described by, for example, Giuffrida et al. in U.S. Patent Nos. 4,632,745, 4,925,541 and 

25 5,21 1,823, by Ganzi in U.S. Patent Nos. 5,259,936 and 5,316,637, by Oren et al. in U.S. 
Patent No. 5,154,809 and by Kedem in U.S. Patent No. 5,240,579. 

SUMMARY OF THE INVENTION 

30 In one aspect, the present invention provides a method of producing treated water. 

The method can comprise introducing water from a point of entry into an electrochemical 
device, removing at least a portion of any undesirable species from the water in the 
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electrochemical device while suppressing hydroxyl ion generation to produce treated water, 
and distributing at least a portion of the treated water to a point of use. 

In accordance with one or more embodiments, the present invention provides a 
method of producing treated water. The method can comprise introducing water from a 
5 point of entry into an electrochemical device, applying an electrical current below a limiting 
current density through the electrochemical device to promote removal of any undesirable 
species from the water and produce treated water and maintaining the electrical current 
below the limiting current density. 

In accordance with one or more embodiments, the present invention provides a 

10 water treatment system. The system comprises a reservoir system fluidly connected to a 
point of entry, an electrodeioinization device fluidly connected to the point of entry and the 
reservoir system, a power supply for providing an electrical current to the electrochemical 
device and a controller for regulating the electrical current below a limiting current density. 
In accordance with one or more embodiments, the present invention provides a 

15 method of facilitating water treatment. The method can comprise providing a reservoir 
system fluidly connectable to a point of entry, providing an electrochemical device fluidly 
connectable to the reservoir system, providing a power supply for providing an electrical 
current to the electrochemical device and providing a controller for regulating the electrical 
current below a limiting current density. 

20 Other advantages, novel features and objects of the invention should become 

apparent from the following detailed description of the invention, when considered in 
conjunction with the accompanying drawings, which are schematic and are not intended to 
be drawn to scale. In the figures, each identical or substantially similar component that is 
illustrated in various figures is represented by a single numeral or notation. For clarity, not 

25 every component is labeled in every figure, nor is every component of each embodiment of 
the invention shown, where illustration is not necessary to allow those of ordinary skill in 
the art to understand the invention. 


30 


BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred, non-limiting embodiments of the present invention will be described by 
way of example and with reference to the accompanying drawings, in which: 
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FIG. 1 is a process flow diagram of a water treatment system having a reservoir 
system and an electrochemical device in accordance with one or more embodiments of the 
invention; 

FIG. 2 is a schematic, sectional view through a typical electrodeionization device, 
5 illustrating the fluid and ion flow directions through depleting and concentrating 
compartments in accordance with one or more embodiments of the invention; and 

FIG. 3 is a schematic flow diagram of a water treatment system in accordance with 
one or more embodiments of the invention and as described in the Example. 

10 DETAILED DESCRIPTION OF THE INVENTION 

United States Patent Applications titled WATER TREATMENT SYSTEM AND 
METHOD by Wilkins et al. and filed on even date herewith; WATER TREATMENT 
SYSTEM AND METHOD by Jha et al. and filed on even date herewith; WATER 

15 TREATMENT SYSTEM AND METHOD by Ganzi et al. and filed on even date herewith; 
WATER TREATMENT SYSTEM AND METHOD by Freydina et al. and filed on even 
date herewith; WATER TREATMENT SYSTEM AND METHOD by Wilkins et al. and 
filed on even date herewith; WATER TREATMENT SYSTEM AND METHOD by 
Wilkins et al. and filed on even date herewith; and WATER TREATMENT SYSTEM AND 

20 METHOD by Jha et al. and filed on even date herewith are hereby incorporated by 
reference herein. 

The present invention is directed to a water treatment system or purification and 
method for providing treated water in industrial, commercial and residential applications. 
The treatment system can provide treated or softened water to a point of use by reducing the 

25 concentration of or removing at least a portion of any hardness-causing species contained in 
water from a water source, such as municipal water, well water, brackish water and water 
containing foulants. Other applications of the system would be in the treatment and 
processing of foods and beverages, sugars, various industries, such as the chemical, 
pharmaceutical, food and beverage, wastewater treatments and power-generating industries. 

30 The water treatment system typically receives water from the water source and treats 

the water containing at least some undesirable species before delivering the treated water to 
a point of use. A treatment system typically has a reservoir system in line with an 
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electrochemical device such as, but not limited to, an electrodeionization device. The 
treatment system, in some embodiments of the present invention, further comprises a sensor 
for measuring at least one property of the water or an operating condition of the treatment 
system. In other embodiments of the invention, the treatment system also includes a 
5 controller for adjusting or regulating at least one operating parameter of the treatment 

system or a component of the treatment system. The electrochemical device can comprise 
any apparatus or system that can remove or reduce the concentration of any undesirable 
species, such as hardness-causing species, from a fluid, such as water. Examples of such 
devices or systems include an electrodeionization device, an electrodialysis device, as well 

10 as a capacitive deionization device. 

FIG. 1 shows a schematic flow diagram of a water treatment system according to 
one embodiment of the present invention. The water treatment system 10 typically includes 
a reservoir system 12 fluidly connected, typically at an upstream end, to a water source or a 
point of entry 14 and also to an electrodeionization device 16, typically at a downstream 

15 end. Water treatment system 10 typically includes a point of use 18, which is typically 
fluidly connected downstream of reservoir system 12. In accordance with certain 
embodiments of the present invention, water treatment system 10 can have a sensor 20 and 
a controller 22 for controlling or regulating a power source 24 which typically provides 
power to an electrochemical device such as electrodeionization device 16. 

20 Electrodeionization device 16 typically removes undesirable species from water to be 
treated flowing from point of entry 14 to produce treated water for storage into reservoir 
system 12 and ultimate delivery to point of use 18. Undesirable species removed by 
electrodeionization device 16 is typically transferred to an auxiliary use or a drain 26. The 
auxiliary use can be a utility or service that can utilize the stream containing the undesirable 

25 species. For example, the fluid stream carrying the undesirable species can be used in a 
lawn sprinkler system. However, an auxiliary use is not to be considered as limited to be a 
fluid stream that is secondary to the treated stream. Thus, in some cases, the concentrate 
stream may contain the desirable species that was retrieved from the feed stream. 

Water treatment system 1 0, in certain embodiments of the present invention, can 

30 further include a pretreatment system 28, which is typically fluidly connected upstream of 
reservoir system 12 or electrodeionization device 16. Water treatment system 10 typically 
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includes fluid control components, such as manifolds, tees and conduits as well as pump 30 
and valve 32. 

The present invention will be further understood in light of the following definitions. 
As used herein, "hardness" refers to a condition that results from the presence of polyvalent 
5 cations, typically calcium or magnesium or other metals, in water, that can adversely affects 
the cleansing capability of the water and the "feel" of the water and may increase the 
scaling potential of the water. Hardness is typically quantified by measuring the 
concentration of calcium and magnesium species. In certain embodiments, undesirable 
species can include hardness ion species. 

10 As used herein, "pressurized" refers to a system or component that has a pressure, 

internal or applied, that is above atmospheric pressure. For example, a pressurized reservoir 
system has an internal pressure that is greater than atmospheric pressure. Pressure in the 
pressurized reservoir system can be created by various methods and techniques, for 
example, by pressurizing the water with a water pump or by elevating the water source, thus 

15 creating head pressure. As used herein, "polarization" refers to the process wherein in 

water is split to hydrogen or hydronium and to hydroxyl ion species. Water polarization can 
be effected by providing sufficient energy, for example, by applying an electrical current, 
specifically, by applying an electrical current above a "limiting current density," which is 
the current wherein water dissociates. The limiting current density depends on several 

20 factors including, among others, the conductivity of the water, the applied voltage, the type 
of electrodes used, the presence and type of any electroactive media and the ability of such 
electroactive media to conduct the applied current. Various embodiments in accordance 
with the present invention have been described in terms of an electrodeionization device. 
However, other types of electrochemical devices in systems may be utilized in accordance 

25 with the systems and techniques of the present invention. Examples of electrochemical 
devices that may be utilized in accordance with one or more embodiments of the present 
invention include, but not limited to, electrodeionization devices, electrodialysis devices, 
and, in some cases, capacitive deionization devices. 

FIG. 2 schematically shows a cross-sectional view of some fluid and ion flow paths 

30 in one embodiment of an electrodeionization module or device of the present invention. 
The electrodeionization device 16 includes depleting compartments 34 and concentrating 
compartments 36, positioned between and adjacent thereto. Depleting compartments 34 are 
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typically bordered by an anolyte compartment 38 and a catholyte compartment 40. 
Typically, end blocks (not shown) are positioned adjacent to end plates (not shown) to 
secure an anode 42 and a cathode 44 in their respective compartments. In some cases, the 
compartments include cation-selective membranes 46 and anion-selective membranes 48, 
5 which can peripherally seal both sides of the compartments. The cation-selective 

membranes and anion-selective membranes are typically comprised of an ion exchange 
powder, a polyethylene powder binder and a glycerin lubricant. In some embodiments, the 
cation- and anion-selective membranes are typically heterogeneous polyolefin-based 
membranes, which are typically extruded by a thermoplastic process using heat and pressure 

10 to create a composite sheet. However, other types of membranes may be used including, 
but not limited to, homogeneous membranes. Representative suitable ion-selective 
membranes include, for example, web supported using styrene-divinyl benzene with 
sulphonic acid or quaternary ammonium functional groups, web supported using styrene- 
divinyl benzene in a polyvinylidene fluoride binder, and unsupported-sulfonated styrene and 

15 quarternized vinyl benzyl amine grafts on polyethylene sheet. 

Concentrating compartments 36 are typically filled with cation exchange resin 50 
and depleting compartments 34 are typically filled with cation exchange resin 50 and anion 
exchange resin 52. In some embodiments, the cation exchange and anion exchange resins 
can be arranged in layers within any of the depleting, concentrating and electrode 

20 compartments so that a number of layers in a variety of arrangements can be assembled. 
Other embodiments are believed to be within the scope of the invention including, for 
example, the use of mixed bed ion exchange resins in any of the depleting, concentrating 
and electrode compartments, the use of inert resin between layer beds of anionic and 
cationic exchange resins, the use of various types or arrangements of anionic and cationic 

25 resins including, but not limited to, those described by DiMascio et al., in U.S. Patent No. 
5,858,191, which is incorporated herein by reference in its entirety. 

In operation, a liquid to be treated 54, typically from an upstream water source 
entering the treatment system at point of entry 14, having dissolved cationic and anionic 
components, including hardness ion species, can be introduced into depleting compartments 

30 34, wherein the cationic components are attracted to the cation exchange resin 50 and the 
anionic components are attracted to the anion exchange resin 52. An electric field applied 
across electrodeionization device 16, through anode 42 and cathode 44, which are typically 
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positioned on opposite ends of electrodeionization device 16, typically passes 
perpendicularly relative to the fluid flow direction such that cationic and anionic 
components in the liquid tend to migrate in a direction corresponding to their attracting 
electrodes. 

5 Cationic components can migrate through cation-selective membrane 46 into 

adjacent concentrating compartment 36. Anion-selective membrane 46, typically positioned 
on the opposite side of concentrating compartment 36, can inhibit migration into adjacent 
compartments, thereby trapping the cationic components in the concentrating compartment. 
Similarly, anionic components can migrate through the ion-selective membranes, but in a 

10 direction that is opposite relative to the migration direction of the cationic components. 
Anionic components can migrate through anion-selective membrane 48, from depleting 
compartment 34, into adjacent concentrating compartment 36. Cation-selective membrane 
46, typically positioned on the other side of concentrating compartment 36, can prevent . 
further migration, thus trapping anionic components in the concentrating compartment. In 

15 net effect, ionic components can be removed or depleted from the liquid 54 in depleting 
compartments 34 and collected in concentrating compartments 36 resulting in a treated 
water product stream 56 and a concentrate or waste stream 58. 

In accordance with some embodiments of the present invention, the applied electric 
field on electrodeionization device 16 can create a polarization phenomenon, which leads to 

20 the dissociation of water into hydrogen and hydroxyl ions. The hydrogen and hydroxyl ions 
can regenerate the ion exchange resins 50 and 52 in depleting compartments 34, so that 
removal of dissolved ionic components can occur continuously and without a separate step 
for regenerating exhausted ion exchange resins because of the ionic species migration. The 
applied electric field on electrodeionization device 16 is typically a direct current. 

25 However, any applied electric current that creates a bias or a potential difference between 
one electrode and another can be used to promote migration of ionic species. Therefore, an 
alternating current may be used, provided that there is a potential difference between 
electrodes that is sufficient to attract cationic and anionic species to the respective attracting 
electrodes. In yet another embodiment of the present invention, an alternating current may 

30 be rectified, for example, by using a diode or a bridge rectifier, to convert an alternating 
current to a pulsating direct current. 
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Typically, operating voltages above about 1.5 volts/cell pair can effect water 
polarization. However, other factors may influence the limiting current density including, 
for example, the type of anion and cation exchange membranes, the type of ion exchange 
resins, the resin bed depth and the interfacial chemical makeup of the resins and the 
5 membranes as explained by Ganzi et al. in Electrodeionization: Theory and Practice of 
Continuous Electrodeionization, Ultrapure Water®, July/August 1997 pp. 64- 69 and by 
Simons, R. in Electric Field Effects on Proton Transfer Between Ionizable Groups and 
Water Ion Exchange Membranes, Electrochimica Acta, vol. 29, no. 2, pp. 151-158 (1984), 
which are incorporated herein by reference in their entireties. Water splitting also has been 

10 discussed by, for example, Zang et al., in U.S. Patent No. 3,165,460, Batchelder et aL, in 
U.S. Patent No. 5,503,729, Denoncourt et al., in U.S. Patent No. 5,593,563, Ganzi et al., in 
U.S. Patent No. 5,858,915, Batchelder et al., in U.S. Patent No. 5,679,228, Goldstein et al., 
in U.S. Patent No. 5,679,229, Su et al., in U.S. Patent No. 5,837,124 and Mir, in U.S. Patent 
No. 6,187,162, each of which is incorporated herein by reference in their entireties. In 

15 accordance with another embodiment, the present invention provides an electrodeionization 
device wherein, under an applied electric field, the limiting current density is applied only 
in the specific compartments so that water is split only in such compartments. 

The electroactive media, typically the ion exchange resin beads 50 and 52, typically 
utilized in depleting compartments 34, can have a variety of functional groups on their 

20 surface regions, such as tertiary, alkyl amino groups and dimethyl ethanolamine. These 

materials can also be used in combinations with ion exchange resin materials having various 
functional groups on their surface regions, such as quaternary ammonium groups. 
Electroactive media can be any such component can promote ion-exchange with a fluid and 
can be as resin beads or fabric or felt. 

25 Reservoir system 12 can serve to store or accumulate water from point of entry 14 or 

a water source and can also serve to store treated water from product stream 56 from 
electrodeionization device 16 and also provides water, typically treated water or treated 
water mixed with water from point of entry 14 to point of use 1 8 through a distribution 
system. In one embodiment of the invention, reservoir system 12 can be pressurized with a 

30 pressure above atmospheric pressure. 

In some embodiments of the present invention, reservoir system 12 comprises a 
vessel that can have inlets and outlets for fluid flow such as an inlet 62 and an outlet 64. 
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Inlet 62 is typically fluidly connected to point of entry 14 and outlet 64 is typically fluidly 
connected to a water distribution system or to point of use 18. Reservoir system 12 can 
have several vessels having several inlets positioned at various locations on each vessel. 
Similarly, outlet 64 may be positioned on each vessel at various locations depending on, 
5 among other things, demand or flow rate to point of use 1 8, capacity or efficiency of 
electrodeionization device 16 and capacity or hold-up of reservoir system 12. Reservoir 
system 12 can further comprise various components or elements that perform desirable 
functions or avoid undesirable consequences. For example, reservoir system 12 can have 
vessels having internal components, such as baffle plates, generally referred to as baffles, 

10 that are positioned to disrupt any internal flow currents within the vessels of reservoir 
system 12. Other examples of auxiliary or additional components include, but are not 
limited to, pressure relief valves designed to relieve internal pressure of any vessels and 
avoid or at least reduce the likelihood of vessel rupture and thermal expansion tanks that are 
suitable for maintaining a desired operating pressure. The size and capacity of a thermal 

15 expansion tank will depend on factors including, but not limited to, the total volume of 
water, the operating temperature and pressure of the reservoir system. 

In operation, reservoir system 12 is typically connected downstream of point of 
entry 14 and fluidly connected in-line, such as in a recirculation loop, with 
electrodeionization device 16. For example, water from point of entry 14 can flow into inlet 

20 62 and can mix with the bulk water contained within reservoir system 12. Bulk water can 
leave reservoir system 12 through outlet 64 and can be directed to point of use 18 or through 
pump 30 into electrodeionization device 16 for treating or removal of any undesirable 
species. Purified water leaving electrodeionization device 16 may mix with water from 
point of entry 14 and enter reservoir system 12 through inlet 62. In this way, a loop is 

25 formed between reservoir system 12 and electrodeionization device 16 and feedwater from 
point of entry 14 can replenish water demand created by and flowing to point of use 18. 

Point of entry 14 can serve to provide water from a water source or to connect the 
water source to the water treatment system. The water source can be a potable water 
source, such as municipal water or well water or it can be non-potable, such as a brackish or 

30 salt-water source. Typically, an intermediate system purifies the water for human 

consumption before reaching point of entry 14. The water typically contains dissolved salts 
or ionic or ionizable species including sodium, chloride, calcium ions, magnesium ions, 
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carbonates, sulfates or other insoluble or semi-soluble species or dissolved gases, such as 
silica and carbon dioxide. Moreover, the water can contain additives, such as fluoride, 
chlorate and bromate species. 

In another embodiment of the present invention, water treatment system 10 can 
5 include a connection to a water distribution system, which in turn connects to a point of use. 
The water distribution system may comprise components that are fluidly connected to 
provide water, typically treated water, from reservoir system 12 to point of use 18. The 
water distribution system may comprise any arrangement of pipes, valves, tees, pumps and 
manifolds to provide water from reservoir system 12 to one or several points of use 18 or to 

10 any component of water treatment system 10. In some embodiments, the present invention 
provides treated water having a low Langelier Saturation Index (LSI). In other 
embodiments, the present invention provides treated liquids, such as water, having a low 
conductivity. As used herein, a low conductivity liquid has a conductivity of less than about 
300 nS/cm, preferably less than about 220 ^iS/cm and more preferably, less than about 200 

15 jiS/cm. 

Point of use 18 is typically any device or appliance that requires or demands water. 
For example, point of use 18 can be an appliance, such as a washing machine or a 
dishwasher, or can be a faucet serving to provide water to a kitchen sink or a showerhead. 
In another embodiment of the invention, point of use 18 comprises a system for providing 

20 water suitable for household or residential use. 

In yet another embodiment of the invention, water treatment system 10 also 
comprises a sensor, typically a water property sensor, which measures at least one physical 
property of the water in water treatment system 10. For example, sensor 20 can be a device 
that can measure water conductivity, pH, turbidity, alkalinity, temperature, pressure, flow 

25 rate or composition. Sensor 20 can be installed or positioned within water treatment system 
10, or any component thereof, to measure a water property or used in combination with one 
or more sensors to determine the water quality in water treatment system 10. For example, 
sensor 20 can be a water conductivity sensor installed in reservoir system 12 so that sensor 
20 measures the conductivity of the water, which indirectly measures the quality of the 

30 water available for service in point of use 1 8. 

In another embodiment of the present invention, water treatment system 10 has 
multiple sensors, for example, a combination of any of a nephelometer, pH, composition, 
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temperature, pressure and flow rate sensors. The series or set of sensors may be arranged 
and connected to controller 22 so that the water quality is monitored, intermittently or 
continuously, through, for example, controller 22, and, in some embodiments, the operation 
of water treatment system 10 can be optimized, as described below. Other embodiments of 
5 the invention can comprise a combination of sets of sensors in various locations throughout 
water treatment system 10. For example, sensor 20 can be a flow sensor measuring a flow 
rate to a point of use 1 8 and further include any of a pH, composition, temperature and 
pressure sensor monitoring the operating condition of water treatment system 10. 

In accordance with another embodiment of the present invention, water treatment 

10 system 10 may further comprise a pretreatment system 28 designed to remove a portion of 
any undesirable species from the water before the water is introduced to, for example, 
reservoir system 12 or the electrodeionization device 16. Examples of pretreatment systems 
include, but are not limited to, reverse osmosis devices, which are typically used to 
desalinate brackish or salt water. Moreover, a carbon or charcoal filter may be used, as 

15 necessary, to remove at least a portion of any chlorine or any species that may foul or 
interfere with the operation of electrodeionization device 16. 

Pretreatment system 28 may be positioned anywhere within water treatment system 
10. For example, pretreatment system 28 can be positioned upstream of reservoir system 12 
or downstream of system 12 but upstream of electrodeionization device 16 so that at least 

20 some chlorine species are retained in reservoir system 12 but are removed before the water 
enters electrodeionization device 16. 

In accordance with one or more embodiments of the present invention, water 
treatment system 10 further comprises a controller 22 that is capable of monitoring and 
regulating the operating conditions of water treatment system 10 and its components. 

25 Controller 22 typically comprises a microprocessor-based device, such as a programmable 
logic controller (PLC) or a distributed control system that receives or sends input and output 
signals to components of water treatment system 10. For example, controller 22 can be a 
PLC that sends a signal to power source 24, which supplies power, typically as an applied 
electric field, to electrodeionization device 16 or can provide a signal to a motor control 

30 center that provides power to pumps 30. In certain embodiments of the invention, controller 
22 regulates the operating conditions of water treatment system 10 in open-loop or closed- 
loop control schemes. For example, controller 22, in open-loop control, can provide signals 
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to the water treatment system such that water is treated without measuring any operating 
condition. In contrast, controller 22 may control the operating conditions in closed-loop 
control so that operating parameters may be adjusted depending on a measured operating 
condition. In yet another embodiment of the invention, controller 22 may further comprise 
5 a communication system such as a remote communication device for transmitting or 
sending any of measured operating condition or operating parameter to a remote station. 

Controller 22 may provide a signal that actuates any valves 32 in water treatment 
system 10 so that fluid flow in water treatment system 10 is adjusted based on a variety of 
parameters including, but not limited to, the quality of water from point of entry 14, the 

10 quality of water to point of use 1 8, the demand or quantity of water to point of use 1 8, the 
operating efficiency or capacity of electrodeionization device 16, or any of a variety of 
operating conditions, such as the water conductivity, composition, pH, temperature, 
pressure and flow rate. Thus, in one embodiment of the present invention, controller 22 
receives a signal from sensor 20, or a set of signals from a combination of sensors or sets of 

15 sensors, so that controller 22 is capable of monitoring the operating parameters of water 

treatment system 10. For example, sensor 22 can be a water conductivity sensor positioned 
within reservoir system 12 so that the water conductivity in reservoir system 12 is 
monitored by controller 22. Controller 22 can, based on the signals from sensor 20, control 
power source 24 and adjust an electric field to electrodeionization device 16. So, in 

20 operation, controller 22 increases, decreases or otherwise adjusts the voltage, current, or 
both, supplied by power source 24 to electrodeionization device 16. 

In accordance with another embodiment of the present invention, controller 22 can 
calculate or derive a control parameter that can be used to adjust or vary a control signal to a 
component of the water treatment system. For example, controller 22 can derive a LSI 

25 based on, for example, the measured operating conditions of the streams of the water 

treatment system. The calculated LSI can then be used in another or the same control loop, 
in the same or another controller, as an input variable that can be compared to a set-point 
and generate an output signal that actuates, adjusts or otherwise regulates a component of 
the water treatment system. LSI can be calculated according to, for example, ASTM D 

30 3739. As used herein, low LSI water has a LSI of less than about 2, preferably, less than 
about 1, and more preferably, less than about zero. If LSI is negative, then there is little or 
no potential to scale and calcium carbonate readily dissolves; if LSI is positive, then there 
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may be scaling potential and calcium carbonate may precipitate; and if LSI is close to zero, 
there may be scaling. 

In accordance with another embodiment of the present invention, controller 22 may 
reverse the direction of the applied current from power source 24 to electrodeionization 
5 device 16 according to a predetermined schedule or according to an operating condition, 
such as the water quality or any other operating parameter measured by sensor 20. For 
example, controller 22 can be configured to reverse the polarity of the current applied to 
electrodeionization device 16 when a measured parameter reaches a set point. Polarity 
reversal has been described by, for example, Giuffrida et al., in U.S. Patent No. 4,956,071, 

10 which is incorporated herein by reference in its entirety. 

Controller 22 can be configured by programming or may be self-adjusting such that 
it is capable of maximizing any of the service life and the efficiency or reducing the 
operating cost of water treatment system 10. For example, controller 22 can comprise a 
microprocessor having user-selectable set points or self-adjusting set points that adjusts the 

15 applied voltage and current to electrodeionization device 16, the flow rate through the 

concentrating and depleting compartments of the electrodeionization device or the flow rate 
to discharge or drain 26 from the electrodeionization device or the pretreatment system or 
both. Controller 22 can incorporate dead band control to reduce the likelihood of unstable 
on/off control or chattering. Dead band refers to the range of signal outputs that a sensor 

20 provides without necessarily triggering a responsive control signal. The dead band may 
reside, in some embodiments, intrinsically in the sensor or may be programmed as part of 
the control system, or both. Dead band control can avoid unnecessary intermittent operation 
by smoothing out measurement excursions. Such control techniques can prolong the 
operating life or mean time before failure of the components of water treatment system 10. 

25 Other techniques that can be used include the use of voting, time-smoothing or time- 
averaging measurements or combinations thereof. 

In some embodiments of the present invention, the water treatment system stores 
water from point of entry 18, which is typically connected to a water source, typically at a 
pressure above atmospheric pressure, in a first zone of reservoir system 12. Reservoir 

30 system 12 can be fluidly connected to a water distribution system that supplies the treated 
water to point of use 18. Water treatment system 18 can also have an electrochemical 
device 16 that treats water from point of entry 14 by removing at least a portion of any 
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undesirable species to produce treated water that is introduced to and preferably stored in a 
second zone of reservoir system 12. First and second zones of reservoir system 12 can be 
monitored by at least one water quality sensor, preferably, a set of water quality sensors 
connected to controller 22, which, in turn, can adjust an operating parameter of 
5 electrochemical device 16. In this way, controller 22 can monitor the first and second zones 
of reservoir system 12 and regulate the operation of electrochemical device 16 depending on 
any of the properties measured by a sensor 20 which can measure the water properties of the 
water in the first and second zones. 

In another embodiment of the present invention, controller 22, through sensor or set 

10 of sensors 20 or combinations thereof, can monitor or measure at least one water property of 
the water in the first and second zones of reservoir system 12 and also measures a flow rate 
flowing into at least one point of use 1 8 and adjusts an operating parameter of 
electrochemical device 16 based on the measured properties. Thus, in one embodiment of 
the invention, sensor 20 measures at least one property of at least one of the water from the 

15 point of entry and the treated water and adjusts controller 22 valve and pumps to, 

accordingly, provide appropriate water quality to point of use 1 8. For example, when an 
increased flow rate is measured to point of use 18, controller 22 adjusts an operating 
parameter of electrochemical device 16 to treat water to compensate for additional demand 
flowing into point of use 18. In another example, controller 22 can adjust an operating 

20 parameter of electrochemical device 16 depending on the volume in the first and second 
zones of reservoir system 12 and the historical demand required by point of use 18. 

In another embodiment of the present invention, controller 22 can be configured to 
regulate the applied electric field produced by the power supply such that the applied 
voltage and the applied current is maintained at a level that does not or at least minimizes 

25 water splitting in electrochemical device 16. Thus, for example, controller 22 can be 

configured to regulate the power supply to produce an applied voltage and current below the 
limiting current density based on, among other factors, the flow rate and conductivity of the 
water to be treated, the size, shape and configuration of the ion exchange compartments, the 
size, shape, arrangement and composition of the electrodes and the type and arrangement of 

30 the ion exchange resin used. Accordingly, according to some embodiments of the 

invention, the applied electric field can be regulated to be maintained at below the limiting 
current density by, for example, constructing the electrochemical device with pre-selected 
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components in conjunction with the controller and a power supply. For example, the power 
supply may be configured to have a maximum voltage or current, which, in combination 
with the ion exchange compartment size and shape, the electrode composition, size and 
shape and the type of ion exchange resin, would not create conditions that split water. 
5 In another embodiment of the present invention, reservoir system 12 can have 

partitions that can separate treated water from untreated water or mixtures of treated water 
with untreated water. Controller 22, through measurement sensors 20 and valves 32, can 
control the flow of treated, raw or mixed water to a particular point of use, depending on 
specific needs of that point of use. For example, if point of use 1 8 requires softened water, 
10 then controller 22 would open valves 32 in the water distribution system so that only treated 
water is provided to point of use 18. Or, if point of use 18 does not require softened water, 
then controller 22 would isolate the treated water in reservoir system 12 and allow raw 
water to flow through the water distribution system to point of use 18 by opening the 
appropriate valves. 

15 In another embodiment of the present invention, reservoir system 12 has zones of 

predominantly treated water that can be isolated from zones of predominantly raw water by 
the use of partitions or baffles or by the use of separate vessels. In such arrangements, 
controller 22 can control valves 32 so that raw water is introduced into electrochemical 
device 16 and treated water from the electrochemical device can be transferred to the 

20 appropriate zone or vessel. 

Controller 22 can supply water to point of use 1 8 depending on the requirements of 
point of use 1 8 in a similar fashion as described above. Thus, in another embodiment, the 
volumes of the first and second zones can be adjusted depending on several factors 
including, for example, the demand from a point of use, the operating efficiency of the 

25 electrochemical device and the water property of the water in the zones. Controller 22 can 
regulate the operation of the water treatment system by incorporating adaptive or predictive 
algorithms, which are capable of monitoring demand and water quality and adjusting the 
operation of the electrodeionization device, such as increasing or decreasing the applied 
voltage or the period between current reversals of electrodeionization device 16. Controller 

30 22 can be predictive by anticipating higher demand for treated water during early morning 
hours in a residential application to supply point of use 18 serving as a showerhead. 
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Controller 22 can incorporate dead band control to reduce the likelihood of unstable 
on/off control or chattering. Dead band refers to the range of signal outputs that a sensor 
provides without necessarily triggering a responsive control signal. The dead band may 
reside, in some embodiments, intrinsically in the sensor or may be programmed as part of 
5 the control system, or both. Dead band control can avoid unnecessary intermittent operation 
by smoothing out measurement excursions. Such control techniques can prolong the 
operating life or mean time before failure of the components of water treatment system 10. 
Other techniques that can be used include the use of voting, time-smoothing or time- 
averaging measurements or combinations thereof. 

10 In accordance with another embodiment of the present invention, water, typical from 

waste stream 58, to auxiliary use can serve or provide additional or secondary benefits. For 
example, waste stream 58, rather than going to drain 26, may be used to provide irrigating 
water to a residential, commercial or industrial application. Alternatively, the concentrate 
stream may be introduced into a unit operation that retrieves the dissolved species. 

15 The present invention may be further understood through the following example, 

which is illustrative in nature and is not intended to limit the scope of the invention. The 
present invention has been described using water as the liquid but should not be limited as 
such. Where reference is made to treated water, it is believed that other fluids can be treated 
in the system or according to the method of the present invention. Where reference is made 

20 to a component of the system or to the method of the present invention that adjusts, 

modifies, measures or operates on water or water property, the present invention is believed 
to be applicable as well. Thus, the fluid to be treated may be a fluid that is a mixture 
comprising water. Accordingly, the fluid can be a liquid that comprises water. 

25 Example 

FIG. 3 is a schematic flow diagram of a water treatment system built, operated, and 
evaluated according to one or more embodiments of the present invention. The water 
treatment system 10 had a reservoir system 12, which comprised a vessel 13 with an inlet 62 
and an outlet 64. Inlet 62 was fluidly connected to a point of entry 14 through which water 
30 to be treated was introduced. Outlet 64 was fluidly connected to a point of use 1 8 through a 
distribution system (not shown). Water treatment system 10 also had an electrodeionization 
module 16. 
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Water, from point of entry 14, was introduced into reservoir system 12 and was re- 
circulated through electrodeionization module 16. The water treatment system was 
controlled by a programmable controller (not shown) based on the measured water 
conductivity, as measured by sensors 20b and 20c, upstream of an inlet 62 and downstream 
5 of an outlet 64 of pressurized vessel 12. The flow rate to reservoir system 12 was 

monitored by sensor 20a. Electrodeionization device 16 was comprised of a 10-cell pair 
stack with about 714-inch flow paths. Each cell was filled with AMBERLITE® SF 120 resin 
and AMBERLITE® IRA 458 resin, both available from Rohm & Haas Company, 
Philadelphia, Pennsylvania. 

10 Electrodeionization device 16 used an expanded titanium electrode coated with 

ruthenium oxide. Vessel 12 was a 10-inch diameter fiberglass vessel with about a 17-gallon 
capacity. The concentrate stream leaving electrodeionization device 16 was partially 
circulated and partially rejected to a drain 26 by regulating valves 32b, 32c, 32e, 32f, 32g, 
32h, 32j and 321. Treated water was returned to vessel 12 by regulating valves 32k, 32g and 

15 32f. Fluid flow to the electrode compartments was controlled by actuating valves 32i, 32h 
and 32e. Make-up water, from point of entry 14, was fed into the re-circulating stream to 
compensate for waste rejected to drain 26 by regulating valves 32b, 32c and 32d in proper 
sequence. The flow rate of treated water to a point of use 18 from outlet 64 of vessel 13 . 
was regulated by adjusting valve 32a. Several sensors measuring operating conditions and 

20 water properties were installed throughout water treatment system 10 including pressure 
indicators 20d, 20f, 20g, 20h and 20i, flow rate indicators 20a, 20e, 20j and 20k and 
conductivity sensors 20b, 20c and 201. The controller was a Micro Logix™ 1000 
programmable controller available from Allen-Bradley Company, Inc., Milwaukee, 
Wisconsin. The electrodeionization device was set to start up by a flow switch signal or 

25 when the water conductivity of the outlet stream leaving the pressurized vessel reached a set 
point. The feed from the electrodeionization device was re-circulated through vessel 13 and 
electrodeionization device 16 via a second feed pump. In operation, each sensor 20b, 20c 
and 201 provided a signal to a controller (not shown), which corresponds to the measured 
water conductivity. 

30 Electrodeionization device 16 was operated under a normal applied current and a 

reduced current. Table 1 shows the operating and performance of the electrodeionization 
device under the normal and reduced current operating parameters. The direction of the 
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applied electrical current was reversed for each flow rate test run. The efficiency of the 
electrodeionization device was empirically determined based on the removal rate, which is 
calculated by measuring the conductivity difference between the in outlet and inlet or feed 
streams relative to the inlet conductivity. 
5 Table 1 shows that the efficiency of the electrodeionization device at the higher flow 

rate/higher applied current was comparable to the efficiency at the lower flow rate/lower 
applied current. However, the measured LSI of the stream flowing through the cathode 
compartment was significantly lower when the electrodeionization device was operated at 
the lower flow rate/lower applied current conditions. LSI can provide an indication of the 

10 degree of saturation of water, with respect to calcium carbonate, and can be used to predict 
whether scaling will occur. LSI can be related to the driving force for scale formation and 
depends on, at least, the pH, total alkalinity, calcium hardness, temperature and total 
dissolved solids in the fluid. 

Table 1 also shows that the stream flowing through the cathode compartment, when 

15 the electrodeionization device was operated at the lower current, at a current that was below * 
the limiting current density, had a lower likelihood of scaling, as measured by the LSI, 
without any loss in operating efficiency, as measured by the removal rate. The system 
operated at the lower flow rate, about 0.02 liter per minute per cell, with a lower applied 
voltage and current, produced water that was comparable in quality compared to the system 

20 operated at the higher flow rate and applied voltage and current. 


Table 1 . Operating Conditions of the electrodeionization device for well water. 


Flow rate 
(liter per minute per cell) 

Applied 
Voltage 
(V) 

Applied 
Current 
(Amp) 

Conductivity 
at Inlet 
(uS/cm) 

Conductivity 
at Outlet 
(uS/cm) 

Removal 
(%) 

LSI 

0.04 

40 

0.46 

785 

134 

83 

1.0 

40 

0.44 

754 

139 

82 

0.04 

40 

0.46 

809 

156 

81 

1.19 

40 

0.40 

801 

209 

74 

0.02 

20 

0.22 

725 

120 

83 

0.02 

19 

0.20 

710 

112 

84 

0.02 

19 

0.22 

824 

165 

80 

0.01 

19 

0.23 

821 

158 

81 
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Those skilled in the art should appreciate that all parameters and configurations 
described herein are meant to be exemplary and that actual parameters and configurations 
will depend upon the specific application in which the systems and methods of the present 
invention are used. Those skilled in the art should recognize, or be able to ascertain, using 
5 no more than routine experimentation, many equivalents to the specific embodiments of the 
invention described herein. For example, those skilled in the art may recognize that the 
present invention can be configured to treat the same quantity of water by using two or 
more electrodeionization devices operating at a lower flow rate/lower current rather than 
one larger electrodeionization device at a higher flow rate/higher current or that the present 

10 invention may include various configurations relevant to providing water to a residential 
facility. It is, therefore, to be understood that the foregoing embodiments are presented by 
way of example only and that, within the scope of the appended claims and equivalents 
thereto, the invention may be practiced otherwise than as specifically described. The. 
present invention is directed to each feature, system, or method described herein. In . 

15 addition, any combination of two or more features, systems or methods, if such features, 
systems or methods are not mutually inconsistent, is considered to be within the scope of 
the present invention. 

What is claimed is: 
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